Histone chaperones, chromatin remodelers, and histone modifying complexes play a 47 critical role in alleviating the nucleosomal barrier for DNA-dependent processes. Here, we have 48 examined the role of two highly conserved yeast (Saccharomyces cerevisiae) histone chaperones, 49 FACT and Spt6, in regulating transcription. We show that the H3 tail contributes to the 50 recruitment of FACT to coding sequences in a manner dependent on acetylation. We found that 51 deleting a H3 HAT Gcn5 or mutating lysines on the H3 tail impairs FACT recruitment at ADH1 52 and ARG1 genes. However, deleting the H4 tail or mutating the H4 lysines failed to dampen 53 FACT occupancy in coding regions. Additionally, we show that FACT-depletion reduces Pol II 54 occupancy in the 5' ends genome-wide. In contrast, Spt6-depletion leads to reduction in Pol II 55 occupancy towards the 3' end, in a manner dependent on the gene-length. Severe transcription 56 and histone eviction defects were also observed in a strain that was impaired for Spt6 recruitment 57 (spt6Δ202) and depleted of FACT. Importantly, the severity of the defect strongly correlated 58 with WT Pol II occupancies at these genes, indicating critical roles of Spt6 and Spt16 in 59 promoting high-level transcription. Collectively, our results show that both FACT and Spt6 are 60 important for transcription globally and may participate during different stages of transcription. 61 62 63 64 65
INTRODUCTION 66
The nucleosome is the fundamental unit of chromatin and is composed of ~ 147 bp of 67 DNA wrapped around a histone octamer consisting of two copies of histones H2A, H2B, H3 and 68 H4. Nucleosomes pose a significant impediment to all steps of transcription, including the steps 69 of initiation and elongation of RNA polymerase II (Pol II) through the coding sequences (CDS) 70 (LI et al. 2007 ). There are two principle mechanisms suggested to alleviate nucleosomal barrier: 71 7 a tandem SH2 (tSH2) domain at its C-terminus that interacts with phosphorylated Pol II CTD, in 134 vitro (DENGL et al. 2009; CLOSE et al. 2011; LIU et al. 2011 ) and this domain is implicated in 135 promoting Spt6 recruitment to transcribed genes, in vivo (MAYER et al. 2010; MAYER et al. 136 2012; BURUGULA et al. 2014). 137 In this study, we show that the acetylated histone H3 tail contributes to efficient 138 recruitment of FACT to transcribed coding sequences in S. cerevisiae. Depleting Spt16 subunit 139 of FACT elicits a greater reduction in Pol II occupancies in the 5'ends of the genes, suggesting a 140 potential role for FACT in the early elongation steps of transcription. In contrast, Pol II 141 occupancies were reduced more towards the 3' end in Spt6-depleted cells, suggestive of 142 processivity defects. Significant reductions in Pol II occupancies were also observed in a strain 143 defective for Spt6 recruitment. Our study reveals that both FACT and Spt6 promotes 144 transcription genome-wide and perhaps participate in different stages of transcription. 145
146

MATERIALS AND METHODS 147
Yeast strains and growth conditions 148
The yeast strains used in this study are listed in Table S1 . The cells were grown to absorbance 149 A 600 of 0.5-0.6 in synthetic complete (SC) media lacking isoleucine/valine, and treated with 150 sulfometuron methyl (SM; 0.6 µg/ml) for 30 minutes to induce Gcn4 targets. Esa1 in the 151 gcn5∆/esa1ts strain was inactivated by shifting the cultures grown at 25C to 37C for ~1.5 152 hours prior to induction by SM. Spt16 and Spt6 were depleted in SPT16-TET and SPT6-TET 153 (HUGHES et al. 2000; MNAIMNEH et al. 2004 ) cells by growing these strains in the presence of 10 154 μg/ml doxycycline overnight, and sub-culturing the overnight cultures in 100 ml of synthetic 155 complete (SC) media with 10 μg/ml doxycycline to an OD 600 of 0.6. 156 8 157
Coimmunoprecipitation Assay 158
The coimmunoprecipitation experiments were performed as described previously (GOVIND et al. 159 2010) . The HA-tagged H2B or Spt16-Myc tagged WT and H3∆1-28 strains were resuspended in 160 The cultures were crosslinked with formaldehyde and processed for chromatin 176 immunoprecipitation as described previously (GOVIND et al. 2012) . ChIPs were performed using 177 antibodies, anti-Myc (Roche), anti-Rpb3 (Neoclone), and anti-H3 (Abcam). ChIP DNA and the 178 related input DNA was amplified using the primers against specific regions. 5µl of ChIP dye 179 9 (15% Ficol, 0.25% bromophenol blue in 1X TBE) and SYBR green dye were added in the PCR 180 products, resolved on 8% TBE gels and visualized on a phosphorimager and quantified using 181 ImageQuant 5.1 software. The fold enrichments were determined by taking the ratios of the ChIP 182 signal for gene of interest, and the signal obtained for the POL1 used as an internal control and 183 dividing by the ratios obtained for the related input samples (ChIP/Input fold enrichment: ChIP 184 
Bioinformatics Analysis 198
The data extracted with the Feature Extraction software (Agilent) was normalized using Limma 199 package from Bioconductor, as described previously (VENKATESH et al. 2012 ). The genes were 200 divided into 10 equal sized bins, with the two bins assigned to the region 500 bp upstream of the 201 transcription start site (TSS) and two bins to the 500 bp to the region downstream of the 202 13 acetylation (GINSBURG et al. 2009 ). The gcn5∆/esa1ts mutant, grown at the permissive 271 temperature 25C (represented as gcn5∆) or at the non-permissive temperature 37C to inactivate 272 Esa1 (gcn5∆/esa1ts), produced comparable reductions in Spt16 occupancy in the ARG1 and 273 ADH1 ORFs ( Figure 2C and Figure S2 , right). In contrast, both WT and the HAT mutant 274 displayed comparable Pol II occupancies at ARG1 and ADH1 ( Figure 2D , and Figure S2 , left). 275
To examine whether FACT occupancy correlates to H3 acetylation levels, we determined Spt16 276 enrichment at ARG1 in a histone deacetylase mutant, rpd3Δ/hos2Δ. Interestingly, Spt16 277 occupancy was not increased in the histone deacetylase mutant rpd3∆/hos2∆ ( Figure 2E ). This 278 is surprising given that H3 acetylation levels were shown to be elevated in this mutant (GOVIND 279 et al. 2010) , and that our current results reveal diminished FACT occupancy in the HAT mutant. 280
It is possible that the WT level of histone acetylation is sufficient for normal FACT occupancy, 281 suggesting that histone acetylation, but not deacetylation, plays a role in FACT 282 recruitment/retention in coding regions. As such, any further increase does not necessarily 283 increase FACT occupancy. Taken together, these results suggest a role for the acetylated H3 tail 284 in promoting FACT occupancy in the transcribed coding regions. 285
To provide additional proof for the role of histone acetylation, we examined Spt16 286 occupancy in the H3 and H4 tail point mutants. The H3 mutant (K4, K9, K14, K18 substituted to 287 alanine; H3KA) displayed reduced Spt16 occupancy in the ORFs of both ARG1 and ADH1 288 genes ( Figure 2F ). However, only minimal changes in Spt16 occupancy were observed in the H4 289 mutant (K5, K8, K12 and K16 substituted to arginine; H4KR, or to glutamine H4KQ) 290 ( Figure 2G ; H4KA mutant exhibits a lethal phenotype). While Spt16 interacts with both H3 291 and H4 N-terminal tails, and the histone tail mutants impair To rule out unexpected consequences of replacing the endogenous promoter with the 313 TET-promoter, we first compared Spt16 and Spt6 protein levels in TET-strains and BY4741 (S. 314 cerevisiae WT strain). Spt16 and Spt6 protein levels in the untreated (no dox; ND) SPT16-TET 315 15 and SPT6-TET, respectively, were very similar to those detected in the BY4741 cells ( Figure 3A , 316 top panel). As expected, treating SPT16-TET and SPT6-TET cells with dox led to reduced 317 expression of Spt16 and Spt6, respectively ( Figure 3A , bottom panel). We noted that Spt16 was 318 depleted to a greater extent than Spt6 upon dox-treatment. Since Spt16 mutants have been shown 319 to cause cell cycle defects (PRENDERGAST et al. 1990 ), we also measured the level of budded and 320 unbudded cells in BY4741, SPT16-TET and SPT6-TET dox-treated cells. We did not find any 321 significant increase in the number of budded and unbudded cells under Spt6 or Spt16 depleted 322 conditions ( Figure S3A ), suggesting that depleting Spt16 or Spt6, under the experimental 323 conditions employed, elicit minimal cell cycle defects. Moreover, the TET-strains grown in the 324 presence or absence of dox, exhibited similar viability ( Figure 3B ). Altogether, these results 325 indicate that the untreated SPT16-TET and SPT6-TET cells behave similar to BY4741. 326
To examine the effects of depleting Spt16 and Spt6 on transcription, we determined Rpb3 327 occupancy in untreated cells (SPT16-TET; referred to as WT hereafter), and dox-treated SPT16-328 TET (spt16) and SPT6-TET (spt6) cells by ChIP-chip. We observed a strong correlation (Pearson 329 correlation, r= 0.93) between the Pol II occupancies in the dox-untreated SPT16-TET and 330 BY4741 strains, genome-wide, which further indicated that replacing the endogenous SPT16 331 promoter with the TET-promoter does not adversely affect transcription. We also determined 332
Spt16 occupancy genome-wide by ChIP-chip and found that Spt16 occupancy in coding regions 333 strongly correlated with Pol II occupancy (Pearson correlation, r=0.85), in agreement with 334 previous studies (MAYER et al. 2010) . 335
The heat-maps depicting changes in Rpb3 enrichment (spt16/WT) showed diminished 336 ratios in coding regions of the genes displaying the greatest Rpb3 enrichments in WT cells 337 ( Figure 3C ). Consistent with a strong correlation between Spt16 and Rpb3 occupancies, the 338 genes with the highest Spt16 enrichments showed greatest Rpb3 reductions ( Figure 3D ). We also 339 noticed that depletion of Spt16 (and Spt6, described later) also revealed an increase in Pol II 340 occupancies at those genes, which otherwise show very poor enrichment ratios in WT cells. 341
Given that our ChIP-chip normalization was performed without spike-in control, it is difficult to 342 ascertain the apparent increase in Rpb3 occupancy as biologically relevant. 343
To further analyze the impact of depleting Spt16 on Pol II occupancy, we selected the top 344 25% genes showing greatest Rpb3 occupancy in WT cells (n=1246). Nearly identical profiles for 345
Rpb3 occupancy were observed in WT and BY4741 at the metagene comprised of these 346 transcribed genes ( Figure 3E ). In contrast, Spt16 depletion evoked reduction in Pol II occupancy 347 in the coding region of these sets of genes. Given that Gcn4 target genes are activated under the 348 growth conditions used (see Materials and Methods), we additionally analyzed the effect of 349 depleting Spt16 on transcription of Gcn4 targets. 130 Gcn4-regulated genes were enriched 350 among the top 1246 transcribed genes. Reduced Pol II occupancies were evident in coding 351 regions of these genes as well in Spt16-depleted cells ( Figure 3F ). Further, we identified 226 352 genes showing reduction in Pol II occupancy >0.5 log 2 ratio (ChIP/input) in Spt16-depleted cells 353 ( Figure 3G ). Interestingly, these genes were enriched among the top 10% transcribed genes (p-354 value=10 -117 ), suggesting that depletion of Spt16 imparts a significant effect on Pol II occupancy 355 at highly expressed genes. 356
We noticed a small increase in Pol II occupancy in the Spt16-depleted cells at the 3' ends 357 of genes, analyzed above ( Figure 3E ). This increase may reflect increased cryptic transcription 358 events that accumulate Pol II from the 5' to 3' end. Such an explanation would be consistent with 359 the established role of histone chaperones in suppressing cryptic transcription (KAPLAN et al. 360 2003; CHEUNG et al. 2008 ; VAN BAKEL et al. 2013) . A previous study utilizing microarray 361 predicted 960 and 1130 genes to have cryptic transcription in spt6-1004 and spt16-197 mutants 362 (CHEUNG et al. 2008) . We found that only 154 genes, predicted to express cryptic transcripts in 363 the previous study, were among the 1246 genes exhibiting high-levels of Pol II occupancy 364 ( Figure S3B ). Replotting Pol II occupancy data after excluding these 154 genes ( Figure S3C ) 365 displayed profiles similar to that observed in Figure 3E and at 238 genes, which showed a reduction in Pol II occupancy > 0.5 log 2 ratio (ChIP/input) 377 ( Figure S3D ). A progressive reduction in Pol II occupancy in the 5' to 3' direction, in Spt6-378 depleted cells, suggests that Spt6 may regulate Pol II processivity. Alternately, given the role of 379 Spt6 activity in the 3'-mRNA processing, diminished Spt6 levels could also result in reduced 380
Pol II occupancy at the 3' end ( KAPLAN et al. 2005) . To distinguish between these two 381 possibilities, we analyzed Rpb3 occupancy at the top 25% transcribing genes based on their gene 382 length. All three groups of genes, long (> 2 kb), medium (1-2 kb) and short (0.5-1 kb), showed a 383 5' to 3' bias in Pol II occupancies ( Figure 3H ). Interestingly, however, long and medium genes 384 displayed a greater reduction in the 3' end compared to the short genes (0.5-1 kb) ( Figure 3H 
FACT and Spt6 differentially impact transcription and histone occupancy 394
To further address the functional overlap between FACT and Spt6, we examined genes, 395 which showed a reduction in Pol II occupancy (< -0.5 log 2 ratio) upon depleting these factors. 396
We found a significant overlap between the genes exhibiting Pol II fold-change log 2 > 0.5 upon 397 depleting either Spt16 or Spt6 (p-value = 5.1 x 10 -76 , n= 111) ( Figure 4A ). The genes showing 398
Pol II occupancy defects upon depleting either Spt16 or Spt6 (common; n=111) exhibited, on 399 average, higher Pol II occupancy (in WT cells) than those genes which showed defects only after 400 depleting either Spt16 or Spt6 (unique) ( Figure 4B ). This observation suggests that strongly 401 transcribed genes may need full functions of Spt6 and Spt16 for a high-level of transcription. It is 402 also interesting to note that while Spt6 depletion was less efficient compared to that of Spt16, it 403 nonetheless evoked very similar Pol II occupancy defects on these genes ( Figure 4C distribution of the gene-length in the three classes of genes. The longer genes were enriched in 408 the Spt6-unique and common genes, whereas Spt16-unique genes were shorter in comparison 409 ( Figure S4A and S4B). Thus, it appears that the differential effect of Spt16 and Spt6 depletion 410 could partly be due to differences in their localization patterns over the coding sequences and 411 transcription level in WT conditions. 412
We further examined the differential effect of depletion by determining Rpb3 ChIP 413 occupancy at four genes, which showed comparable Spt6, and Spt16 occupancy in our ChIP-chip 414 experiments. Pol II occupancies in the ORFs of GLY1, HAC1, BDF2, and PHM8 were 415 substantially reduced (~2-5 folds) upon Spt16 depletion ( Figure 4F ). By contrast, only a 416 moderate to negligible reduction was observed after depleting Spt6. For example, Rpb3 was 417 reduced by less than 1.5 folds at GLY1, HAC1, PMH8 upon Spt6 depletion. Similarly, we found 418 that histone H3 occupancy was more severely reduced in 5' ORFs of these genes upon depleting 419 representing the most highly transcribed genes ( Figure 5B ). This is consistent with the idea that 443 both Spt6 and Spt16 are necessary to elicit high transcription levels. 444
Rpb3 profiles in spt16/spt6∆202 mutant revealed greatly diminished occupancy across 445 the coding regions of the top 25% Pol II-occupied genes ( Figure S5B ). It appeared that untreated 446 SPT16/spt6∆202 elicited a greater reduction in Pol II occupancy than observed upon depleting 447 Spt6 (compare Figures S5B and 3E ). An incomplete depletion of Spt6 ( Figure 3A The double mutant exhibited greater reduction in Pol II occupancy than observed in spt6Δ202 or 461 spt16 cells at these 137 genes ( Figure S5C ). These observations support the idea that both FACT 462 and Spt6 are needed for eliciting high-level of transcription. At the 63 lowly expressed genes 463 among the 200 genes, significant reduction in Pol II occupancy was seen only in the double 464 mutant spt16/spt6Δ202 ( Figure 5D ). This could suggest that FACT acts redundantly with Spt6 in 465 promoting transcription of a subset of lowly expressed genes. More sensitive methods will be 466 required to fully comprehend the extent to which Spt6 and FACT coordinate transcription of 467 lowly expressed genes, especially considering the technical challenges in accurately measuring 468
Pol II occupancies at genes expressed at very low levels. 469
470
DISCUSSION 471
In this study, we have examined the role of two highly conserved histone chaperones, 472
Spt16 and Spt6, in regulating genome-wide transcription, under amino acid starvation conditions. 473 Despite interacting with nucleosomes as well as with histones, unlike Spt6, FACT can reorganize 550 the nucleosome structure in a manner that increases DNA accessibility. This distinct ability of 551 FACT could explain reduction in Pol II occupancy observed in a subset of transcribed genes in 552 spt16/spt6Δ202 double mutant, but not in the single mutant ( Figure 5C ). Overall, our study 553 strongly implicates both chaperones in promoting transcription genome-wide. 554 555 ACKNOWLEDGEMENTS 556
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Graphs show mean and SEM. * represents a p-value < 0.001, and ** represents a p-vlaue 810 <0.0001. Spt16 occupancy differences between gcn5Δ and gcn5∆/esa1ts were not significnat 811 (N.S). 812 D) Rpb3 occupancies in WT and gcn5Δ/esa1ts at ARG1 and ADH1. 813 E) Spt16 occupancies in WT and HDAC mutant hos2Δ/rpd3Δ at ARG1. 814 F-G) Spt16-Myc enrichments at ARG1 and at ADH1 in histone H3 (F) and H4 tail mutants (G). 815 H3 K4, K9, K14, K18 substituted to alanine, H3KA; H4 K5, K8, K12 and K16 substituted to 816 arginine; H4KR, or to glutamine H4KQ. for each gene. Genes were then grouped into deciles according to the Spt16 occupancy in WT 836
cells. The first decile shows the highest Spt16 occupancy and the 10 th shows the lowest. 837 E) Rpb3 occupancy profiles for the top 25% Pol II-occupied genes (n=1246) in untreated 838 BY4741 and SPT16-TET (WT), and in dox-treated SPT16-TET (spt16) and SPT6-TET (spt6) cells 839 are shown. 840 F) Rpb3 occupancy profiles in untreated SPT16-TET (WT), and dox-treated SPT16-TET (spt16) 841
and SPT6-TET (spt6) cells at the Gcn4 targets genes enriched in the top 25% Pol II-occupied 842 genes. 843 33 G) Rpb3 occupancy profile at the genes eliciting reduction in Rpb3 occupancy > 0.5 log 2 ratio 844 (ChIP/input) on depleting Spt16 in WT and spt16. 845
H) The top 25% Pol II-occupied genes were grouped on the basis of their gene-length and Rpb3 846 occupancy profiles for the long (>2 kb), medium (1-2 kb), and short (0.5-1 kb) are shown in the 847 WT and Spt6-depleted cells. 848 A) Spt16 ChIP occupancy at ADH1 in a H4 tail mutant lacking the first 16 residues (H4Δ1-16). 881 B) Spt16 and Rpb3 ChIP occupancy in the mutant was normalized against the WT occupancy at 882 each gene and the normalized data is presented for the indicated genes. 883 C) Anti-HA beads were used to pull down HA-tagged H2B from the whole cell extracts prepared 884 from the untagged WT, the HA-tagged WT and H4Δ1-16 cells. The immunoprecipitates were 885 subjected to western blot using anti-HA and anti-Spt16 antibodies. The representative blot is 886
shown on the left, and the quantified data on the right. 887 A) The genes which showed more than 0.5 log 2 reduction in Pol II occupancy upon depleting 914 either Spt6 or Spt16 were analyzed, and were classified as Spt16-unique, Spt6-unique and Spt16-915
Spt6-common depending on whether they were enriched only upon depleting Spt16, Spt6 or 916 both, respectively. Frequency distribution of these classes of genes based on their gene-length is 917 plotted as a histogram. 918 B) Gene-length for the three classes of genes is shown in the box plot. Center lines show the 919 medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers 920 extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are 921
represented by dots. 115, 217 and 111 genes were present in the Spt16-unique, Spt6-unique and 922 common gene-sets, respectively. 923 
